Introduction 10
How different neuronal compartments and different cell types contribute to the 11 extracellular action potential (EAP) remains unclear and without sufficient direct 12 experimental evidence. A variety of theoretical (Rall, 1962; Holt and Koch, 1999; 13 Gold et al., 2006; Pettersen and Einevoll, 2008; Einevoll et al., 2013 ) and a limited 14 number of experimental (Grace and Bunney, 1983; Henze et al., 2000; Frey et al., 15 2009; Buzsaki et al., 2012; Baranauskas et al., 2013; Anastassiou et al., 2015; 16 Petersen et al., 2015) studies address the subcellular origins of EAPs. In most, 17 axonal contributions to the EAP have been considered negligible or small, 18 possibly due to a notion that small cell compartments require less current to 19 depolarize (Rall, 1962; Humphrey and Schmidt, 1990) . Along these lines, initial 20 patch--clamp data shows similar AIS and somatic sodium currents per area of 21 membrane (Colbert and Johnston, 1996) , which are the currents responsible for 22 action potential generation. In other words, the much larger soma would 23 produce a much greater cumulative current. On the other hand, 24 immunohistological evidence shows that sodium channels are expressed to a 25 the array. A configuration is defined as how switches are set to connect a subset 13 of the electrodes to the 126 available readout channels. Switches are re--14 configurable within a few milliseconds. The largest possible contiguous block 15 includes 6x17 electrodes, and 147 overlapping block configurations were used to 16 scan the whole array at a rate of 1 min per configuration. A recording session 17 lasted 2.5 hours. Recordings were acquired inside an incubator in order to 18 control environmental conditions (36°C and 5% CO2).
20
Spatial and temporal upsampling. Signals were up--sampled to 160 kHz using 21 the Nyquist--Shannon sampling theorem and the Whitaker--Shannon interpolation 22 formula to improve temporal resolution (Blanche and Swindale, 2006) . The 23 theorem is a mathematical proof that any sampled signal can be perfectly 24 reconstructed into the original analog signal, as long as the analog signal has 25 8 frequency components less than the Nyquist frequency. The microelectrode 1 array circuitry filters the analog data with a first--order filter with an upper cutoff 2 frequency of 3.7 kHz before data is sampled at 20 kHz, which satisfies the 3 requirements. To estimate waveforms between recording electrodes, up--4 sampled and averaged EAPs were then spatially interpolated across a 1x1 µm 5 grid by cubic interpolation in Matlab ('griddata' function; MathWorks Matlab 6 R2014a). 7 8
Statistics.
Pearson correlation and two--side t--tests were done in Matlab R2014a 9 (MathWorks). 10 11 12
Results

13
The largest extracellular spike always had negative polarity ( Figure 1B ) and was 14 typically localized near the proximal AIS or the peak Ankyrin--G (AnkG; a 15 molecular marker of the AIS) immunofluorescence signal ( Figure 1A ) but never 16 at the soma ( Figure 1C) . Especially, the signals of cells whose AIS originated from 17 a dendrite (e.g. Figure 1A While the largest amplitude spikes had negative polarity and were co--7 localized with AISs, spikes with positive polarity were co--localized with some, 8 but not all, dendritic branches ( Figure 4A ). The average peak negative spike was 9 6.9 times bigger than the average peak positive spike and 5.9 times bigger than 10 the average somatic spike, which also had a negative polarity (N = 24) (Figure 11 by having a more passive dendritic tree and larger soma. These two features 10 would make it more likely that the largest extracellular signal would arise from 11 the soma, if the soma instead of the AIS would be the source of the signal. 12 Nevertheless, corroborating the results from cortical cell cultures above, the 13 largest negative EAPs ( Figure 5A ) occurred at the area containing axons instead 14 of at the Purkinje cell layer (i.e., the location of all Purkinje somas), and the 15 positive EAPs ( Figure 5B ) consistently occurred in the area containing dendrites. 16
In all cases, the largest negative EAPs were found to co--localize with the putative 17 location of the Purkinje cell AISs; the mean of negative amplitudes peaked 18 sharply approximately 40 µm away from the center of the Purkinje cell layer, in 19 the granular cell layer ( Figure 5C Extracellular signal amplitudes can be influenced by many factors, such as 8 electrode impedance, the local microenvironment, or the degree of coupling 9 between a neuronal membrane and an electrode. However, these influences 10 likely had a negligible effect on our results. We deposited platinum black on the 11 electrodes (see Methods). Besides reducing the electrode impedance, platinum 12 black also reduces variations in signal amplitude due to impedance mismatches 13 across the arrays' electrodes to about 5% (Viswam et al., 2014) . This variation is 14 negligible when compared to the AIS--to--soma or AIS--to--dendrites signal 15 amplitudes that differ by over 600% on average (Fig. 4C) . Consistent results 16 across 49 individual neurons and multiple preparations provide strong evidence 17 that the results were not an artifact from variations in local microenvironments 18 or coupling. Further evidence is that a neuron's EAP is detected by multiple 19 neighboring electrodes, including sites that are not immediately adjacent or 20 coupled to a neuronal membrane, and that the signal attenuates with increasing 21 distance from the source as expected (Figs. 1A, 2A, 3E, 4A) . 22 23 The general phenomenon that the largest signal amplitudes occur in the 24 region of the AIS is applicable to both in vitro and in vivo situations. The EAP 25 arises from neuronal membrane currents, in particular from voltage--gated 1 sodium channels. Previous studies showed that the molecular composition of 2 axons in vitro and in vivo, including sodium channel distribution in the AIS, are 3 consistent (Hedstrom et al., 2007) . This implies that the membrane currents 4 responsible for the EAP will likewise be similar. In turn, how the electric field 5 spreads in the medium and is picked up as a potential on the recording 6 electrodes is governed by laws of physics, i.e., Maxwell's equations (Einevoll et 7 al., 2013) . In other words, this aspect is independent of whether the 8 experimental preparation is in vitro or in vivo. Nevertheless, we also 9 experimentally addressed this issue and found consistent results in acute 10 cerebellar slices, which preserve in vivo local microarchitecture (Fig. 5) . 11 12 The basic and fundamental observation of the EAP being driven by 13 currents from the AIS instead of the soma can affect how extracellular recordings 14 are interpreted. For example, neurons with spherically symmetric dendrites are 15 thought to produce small EAPs due to the summation of dendritic membrane 16 currents canceling each other out (axonal contributions presumed negligible) 17 (Logothetis, 2008; Buzsaki et al., 2012) . However, such symmetry is broken 18 when membrane currents originate from the AIS or from specific dendritic 19 branches ( Figure 4A ). Likewise, neurons with smaller soma are thought to 20 produce smaller EAPs (Humphrey and Schmidt, 1990 ), but we observed this only 21 for neurons with an AIS originating from the soma. Why wide variations in EAP 22
waveforms exist between cells has been unclear (Anastassiou et al., 2015) but 23
can be explained to a degree by variations in AIS shape and level of AIS 24 formation. In our preparation, EAP magnitudes ranged between 67 to 952 µV (up 25 to 1.8 mV in previous data (Bakkum et al., 2013) ) and AIS lengths between 13 to 1 71 µm. 'Silent' cells existed and were typically associated with decreased or no 2 AnkG expression. Occasionally, AISs were forked, which produced distorted or 3 double--spiked EAPs depending on the recording location. Why different 4 dendritic branches produce different extracellular signals (cf. Figure 4A) is 5 harder to explain and may require different experimental approaches to 6 decipher. In tangential work, the AIS has been identified as the site with the 7 lowest threshold and highest reliability for extracellular stimulation (McIntyre 8 and Grill, 1999; Fried et al., 2009; Radivojevic et al., 2016) , whereas stimulation 9 under the soma often failed to evoke action potentials (Radivojevic et al., 2016) . 10
This finding supports the AIS's higher contribution to the EAP and provides 11 further indirect evidence that the AIS contains a higher concentration of voltage--12 gated ion channels. In summary, the action's at the AIS. 
